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We use the most recent, complete and independent measurements of masses and radii of
white dwarfs in binaries to bound the class of non-trivial modified gravity theories, viable after
GW170817/GRB170817, using its effect on the mass-radius relation of the stars. We show that the
uncertainty in the latest data is sufficiently small that residual evolutionary effects, most notably
the effect of core composition, finite temperature and envelope structure, must now accounted for
if correct conclusions about the nature of gravity are to be made. We model corrections resulting
from finite temperature and envelopes to a base Hamada-Salpeter cold equation of state and de-
rive consistent bounds on the possible modifications of gravity in the stars’ interiors, finding that
Y < 0.14 at 95% confidence, an improvement of a factor of three with respect to previous bounds.
Finally, our analysis reveals some fundamental degeneracies between the theory of gravity and the
precise chemical makeup of white dwarfs.
I. INTRODUCTION
The paradigm of General Relativity (GR) has been
brought under intense scrutiny in the last few years,
mainly due to the discovery of the accelerating Universe
and the lack of a theoretical explanation of the value of a
cosmological constant implied by it [1]. This sparked off
the investigation of dynamical mechanisms to explain the
observed acceleration at large scales, frequently involv-
ing theories of gravity beyond GR (For a review see [2]).
These dynamical models introduce new dynamical de-
grees of freedom in the gravitational sector, the simplest
case being that of a scalar field interacting minimally
with the spacetime metric. In the case where the new
field interacts non-trivially with curvature, it inevitably
leads to a modification of gravity, which leaves an imprint
at local scales through a fifth-force effect. The most pop-
ular theories in this regard have been various flavours of
scalar-tensor models. They are subsumed in the so-called
Horndeski scalar-tensor theories [3] and their more re-
cent extension known as Beyond Horndeski models [4, 5]
and Degenerate Higher-Order Scalar-Tensor (DHOST)
theories [6, 7], which correspond to the most general
theories that can be constructed from the metric and a
scalar field which are free from Ostrogradski instabilities.
These theories generalise the archetypal models of Brans-
Dicke/f(R) gravity with the corresponding scalar field-
curvature interactions operating in a non-trivial manner.
They can quite easily model the acceleration of the ex-
pansion of the universe, without involving a cosmological
constant and have quite a rich phenomenology in struc-
ture formation, the constraining of which is the target of
the current and upcoming cosmological surveys.
It is important to point out that modified-gravity theo-
ries, in addition to modifying the forces between massive
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bodies, also can modify the propagation of gravitational
waves (GW), including their speed. The recent measure-
ment of the GW speed by the LIGO/VIRGO collabora-
tion together with Fermi/Integral (GW170817 with its
electromagnetic counterpart GRB 170817 [8, 9]) to be
essentially equal to that of light, has heavily constrained
the allowed theory space of modifications of gravity. In
the case of scalar-tensor theories, the scalar is now al-
lowed to be at most conformally coupled to curvature
[10–13].
A crucial feature of theories beyond GR is the existence
of some screening mechanism with the role of suppress-
ing potential fifth-force effects mediated by the scalar
field inside or sufficiently close to matter sources such
as stars and galaxies, allowing them to evade in this
way tests of gravity in the Solar System. However, the
remaining, non-trivial1 and viable scalar-tensor theories
after GW170817 and GRB 170817 present a challenging
prediction: Through a partial breaking of the screening
mechanism within massive sources, they predict a depar-
ture from Newtonian gravity inside the source, allowing
for a scale-dependent fifth-force, with standard gravity
only to be recovered outside the object [14]. This would
affect the equilibrium structure of the star and in turn
imply a direct phenomenological impact on scaling re-
lations such as the mass-radius relations, which is what
will concern us here. Note that, in addition to the above,
after GW170817, the modification of gravity we consider
here is the only one that can weaken gravity in cosmology
without pathological instabilities [15].
In this work, we will exploit this departure from the
standard paradigm inside massive sources to understand
the effect of modifications of gravity on white dwarfs
(WD). The choice of WDs as stellar laboratories for grav-
1 The term “non-trivial” here denotes those theories where the
scalar field couples to curvature beyond the standard Brans-
Dicke type of coupling, as for these cases, the Ostrogradski in-
stability is avoided in a highly non-trivial manner.
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2ity has been a popular one in the literature, with the
reason usually relating to simplicity: Although compact
enough, white dwarfs lie within the validity of the Newto-
nian approximation, while their equation of state is rela-
tively well-understood, in comparison with more compact
objects such as neutron stars.2
Let us summarise the goals of the work as follows:
We predict the mass-radius relation for WDs within
the remaining, viable theory space of scalar-tensor the-
ories after GW170817, starting from the refined version
of the standard Chandrasekhar model, in the presence
of its leading-order (Coulomb) corrections at zero tem-
perature according to Hamada-Salpeter (HS). We show
how the cold HS description fails in view of the high pre-
cision of latest data set, and we proceed advancing our
modelling of the WD through the implementation of fi-
nite temperature and envelope corrections, employing re-
sults from publicly available stellar-structure simulations
in GR. This allows us to sufficiently reduce systematic ef-
fects and produce constraints robust enough to be able to
constrain modifications of gravity, improving limits from
WD physics by a factor of 3. As an aside, our analysis
provides with a first understanding of the subtle degen-
eracies between the fine structure of the star’s interior
and the possible gravity modification.
II. GRAVITATIONAL EQUATIONS IN THE
STAR’S INTERIOR
Let us start by introducing the necessary theoretical
framework for our subsequent analysis. Scalar-tensor
theories, are full relativistic theories, just like GR, based
on a space-time metric. In WD stars, the mass is essen-
tially all provided by atomic nuclei, which remain non-
relativistic. One can therefore describe the gravitational
law in the star’s interior using a (modified) Poisson equa-
tion relating the Newtonian potential Φ with the mass
density ρ, neglecting the other gravitational potential
and the pressure from relativistic electrons. In this limit,
and for the remaining, viable and non-trivial modified
gravity theories after GW170817 the screening mecha-
nism is violated inside massive bodies, and the Newto-
nian potential Φ is sourced through an extra term in
addition to the standard GR one, describing the modifi-
cation of gravity [14, 18, 19]
∇2Φ = 4piGρ+GY4 ∇
2
(
dM
dr
)
, (1)
with G Newton’s constant, M = M(r) the mass con-
tained in a sphere of radius r from the centre of the star,
and Y a dimensionless coupling constant controlling the
2 For a review on the physics of WDs we refer the reader to
Refs [16, 17].
strength of the modification. The derivative dM/dr is
expressed in terms of the density through the usual mass-
conservation equation,
dM(r)
dr
= 4pir2ρ(r). (2)
Notice that, since dρ/dr < 0 within the star’s interior,
Y > 0 will act as to weaken gravity, while the opposite is
true for Y < 0. In principle the value of Y is not fixed in
the universe, but can be dependent on cosmological time
and the environment of the star. However, it should be
approximately constant inside the Milky Way, where all
the WDs in the dataset we will use are located.
We will be assuming that the star is in hydrostatic
equilibrium, i.e. that gravity perfectly balances the inte-
rior pressure of the star, which translates to ∇Φ = −∇P ,
and under the assumption of spherical symmetry, equa-
tion (1) yields
dP
dr
= −GM(r)
r2
ρ(r)− G · Y4
d2M(r)
dr2
ρ(r). (3)
Equations (3) and (2) form a closed system when pro-
vided an equation of state relating P = P (ρ) and with
the initial conditions at the center of the star as P = Pc
(ρ = ρc), M = 0 and P ′(r = 0) = M ′(r = 0) with
′ ≡ d/dr. It is interesting to notice that equation (3) can
be re-cast into its standard form, but with an effective
scale-dependent Newton’s constant,
Geff
G
= 1 + Y4
r2
M(r)
d2M(r)
dr2
. (4)
Considering that the mass contained within a suffi-
ciently small shell around the center of the star can be
approximated as M(r) ≈ (4pi/3)ρcr3, from (4) it turns
out that sufficiently close to the center it is Geff/G ≈
1+(3/2)Y . Stability reasons require that Geff > 0, which
in turn implies that Y ≥ −2/3 [20]. In fact taking into
account relativistic effects, this bound can be shown to
be stronger, with Y > −4/9 [21]. This places a lower,
theoretical prior on Y , since for lower values spherically
symmetric solutions cease to exist.
Let us now assume that we are given an equation of
state relating P = P (ρ), with P = P (x) and ρ = ρ(x)
parametrically defined through the dimensionless Fermi
momentum x ≡ pF /(mec) (see next section). We can
then express the hydrostatic equation (3) as a differential
equation for x = x(r) as
dx
dr
= −Gρ
(
M
r2
+ 2piY · ρr
)
·
(
dP
dx
+ piY G · ρr2 dρ
dx
)−1
.
(5)
Equations (5) and (2), together with an appropriate
equation of state are the system of hydrostatic equa-
tions we solve. Note that, for a typical central pressure
in a WD, one can estimate from Pc ∼ GM2/R4 that
xc ∼ O(1).
3The numerical procedure to solve the hydrostatic equa-
tions is as follows: Setting our initial conditions at the
center with rc = 10−30R, Mc = 10−30M, we con-
struct a family of solutions using an appropriate implicit-
integration solver, iterating over xc ∈ [0.5, 7] (at the cen-
tre) with a step size δx = 0.01, and Y ∈ [−0.66, 3] with
δY = 0.036 respectively. Since in principle the equation
of state will depend on core composition through the rel-
evant atomic number (Z), we iterate above procedure for
Z = 4, 6, 8 corresponding to helium, carbon and oxygen
cores respectively. This gives a density profile ρ = ρ(r),
and we choose the radius R of the star as the root where
x(r = R) = 0 within some precision, while its mass as
M = M(r = R). Given a choice of equation of state, this
provides us with a grid of solutions for the WD’s radius
and mass for each choice of central density, composition
and Y . We can then proceed with comparing these pre-
dicted stars with the available observational data, as we
discuss in Section V.
III. THE CHANDRASEKHAR MODEL AND
BEYOND
The choice of the equation of state, and the modelling
of the different layers that make up the star’s interior
is fundamental in any analysis of stellar structure. As
we will show, uncertainties in its finer details can signifi-
cantly interfere with constraints on the underlying law of
gravity. In this section we discuss the standard paradigm
for the equation of state for WDs and its refinements.
The earliest equation of state for WDs is Chan-
drasekhar’s model [22], which assumes that the gravita-
tional force is balanced solely by the degeneracy pressure
of the spherically symmetric electron gas in the star’s in-
terior (see [16]). This has been in fact the most popular
choice in the study of modified gravity models with white
dwarfs in the literature (see e.g. [23–25]). It can be shown
that electron pressure for a non-interacting electron gas
is given by [16, 17, 22]
P0 =
1
24pi2 ·
m4ec
5
~3
·
[
3sinh−1x+ x(2x2 − 3)(x2 + 1)1/2
]
,
(6)
with the dimensionless Fermi momentum x ≡ pF /(mec).
The limits x  1 (x  1) yield the well-known (non-)
relativistic limits for the equation of state, reducing it
to the simpler polytropic form, with P ∼ ρ(n+1)/n with
n the polytropic index. The electrons can be safely as-
sumed to provide a negligible contribution to the energy
density. We take the mass to be that of the ionised nuclei
the distribution in space of which follows the electrons,
ρ ' (9.7395 ·105)AZ x3g/cm3, where A is the atomic num-
ber of the core’s element. It is important to notice that,
there is no explicit dependence on Z, with A/Z = 2 for
C, O, and He, hence the model is degenerate with respect
to the core composition.
Although the Chandrasekhar model captures the fun-
damental features of the star’s equation of state, it is nev-
ertheless a zeroth-order approximation. A first step to-
wards a more realistic description, is giving up on the uni-
form distribution of ions and electrons and assuming their
distribution as a perfect lattice, according to Hamada-
Salpeter [26, 27]. In this setup, the leading-order cor-
rection to the pressure of the free-fermion model is the
Coulomb interactions between the electron gas and the
positive ions. The emergent non-uniform distribution of
the electrons is taken into account by the next-to leading
order correction known as Thomas-Fermi, while further
sub-leading corrections are due to electron-electron inter-
actions (exchange energy and correlation correction re-
spectively). The relevant improvements for above correc-
tions to the pressure are provided in [26] and the model is
known as the zero-temperature Hamada-Salpeter model
(HS). Here we shall only provide the scaling of the correc-
tions to the pressure with x ≡ pF /(mec) and atomic num-
ber Z, ignoring (dimensionful) pre-factors. They read as
3
PC, PTF, PCorrel. ∼ Z2/3x4, Z
4/3x5
(1 + x2)1/2 , x
3. (7)
The above corrections are understood to be additional
to the zeroth-order term P0 (6), with the matter energy
density still described by its non-relativistic expression
provided earlier. They result in a new attractive interac-
tion, reducing the radius of a white dwarf at a fixed mass
by 4−5% in the relevant mass range in general relativity.
In this context, we have implemented the HS equa-
tion of state for the pressure in deriving the theoretical
prediction for the star’s mass/radius profiles, following
the numerical procedure outlined in the previous section
(see the discussion after Eq. (5)). We believe that this
is explored for the first time in the literature within the
context of theories beyond GR. We present the result of
our calculations — mass-radius relations for white dwarfs
in modified gravity — in Fig. 1. As indicated earlier, a
positive Y weakens gravity and indeed we find that, for a
fixed mass, the expected radius of the zero-temperature
white dwarf is larger.
IV. TEMPERATURE/ENVELOPE MATTERS
Treating the WDs as above, with the HS equation of
state at zero temperature, leaves out important physics
that turns out to be the dominant systematic effect.
The data relevant for our purposes reduce to the mass,
radius and temperature of each WD. If we neglect the
temperature, for stars in the realistic mass-radius range,
3 The expression for the exchange energy is rather lengthy and we
refer to [26] for more details. Further sub-leading corrections
described in [26] we omit here.
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FIG. 1. Theoretical mass-radius curves based on the zero
temperature Hamada-Salpeter equation of state, for different
values of the modified-gravity parameter Y and core com-
position. The data points correspond to the observed data,
with the ellipses showing the 1σ observational uncertainties,
while their core-classification is extracted with Y = 0 accord-
ing to [28]. It can be seen that Y < 0 acts as to make stars
smaller, and the opposite for Y > 0. The stars departing
the most from the zero-temperature curve, towards the upper
left part of the plot, correspond to those with higher effective
temperatures. This is an important aspect that needs to be
accounted for when constraining models beyond GR against
observations.
it is always possible to find some local value of Y which
will give the correct mass-radius relation at the individ-
ual star’s mass for essentially any equation of state. On
the other hand, a global Y parameter can be constrained
by confronting the full data set with the overall scaling
(shape) of the mass-radius relation, provided the system-
atic effect of the neglected physics is uncorrelated and
sufficiently small compared to the precision of the obser-
vations. We show in Section V that the the data set we
use is now sufficiently precise that this is no longer the
case and leads to spurious constraints on Y .
A realistic WD still possesses an internal temperature,
meaning that the equation of state is not barotropic, i.e.
we have P = P (ρ, T ), and its modelling requires precise
simulations of the star’s evolution from its progenitor to
the WD stage. In Fig. 2, we present the data of the cat-
alog of [28], along with the publicly available families of
mass-radius relations parametrized by the effective tem-
perature, generated with such a simulation for Ref. [29].4
4 For similar studies see for example [30–33].
The fact that the WDs in Fig. 2 lie close to the lines
corresponding to their effective temperature implies that
the deviation of the theory of gravity from GR should
be small. To properly quantify this, we need to take the
temperature effect of the mass-radius relation into ac-
count. As the star evolves along its cooling track, the
main gravo-thermal process is the release of thermal en-
ergy accompanied by a phase of contraction. While for
the most massive stars the effect of the cooling is small,
less than a 10% decrease in the radius for the sort of tem-
peratures in the sample, it can be as large as 40% for the
lightest stars, especially for those with helium cores.5 In
all the cases, the radii of the hot stars are larger than
those of the zero-temperature objects, a property we will
exploit to put a bound on the modification of gravity.
Yet another important residual evolutionary feature of
WDs is the existence of an envelope of non-degenerate
matter surrounding the star’s degenerate core. Despite
the fact that it usually comprises less than 1% of the
star’s mass, its effect on the actual radius of the star can
be significant, with thicker envelopes yielding larger stars
at the same mass and temperature. We use “thickness”
to refer to the envelope’s mass fraction of the total WD
mass, rather than necessarily the physical extent.
The thickness and chemical composition of the en-
velopes depends on the interplay of the delicate processes
during the red giant branch phase, and element diffusion
as a function of time after the star has evolved into a
WD. An accurate description for the envelope composi-
tion and thickness requires therefore adequate modelling,
with a careful accounting for the diffusion process.
Precision simulations of this sort, including element
diffusion for C/O-core WDs with envelopes have been
performed in Ref. [35] and further discussed in Ref. [36]
within an asteroseismology context, while for He-core
WDs, such simulations were presented in Ref. [32], where
a wide range of possible thickness of hydrogen envelopes
are studied. As it turns out, the fraction of helium in the
envelope is rather insensitive to the prior evolutionary
details, while that of hydrogen can vary significantly.
From an observational viewpoint, inferring the enve-
lope’s mass fraction presents a challenging issue if it
is possible at all. While measurements of the star’s
mass/radius are not very informative in this regard, as-
teroseismological observations can provide a powerful
tool for this purpose. In this context, the observed pul-
sations of various C/O-core WDs, known as ZZ Ceti
stars, in a particular temperature range and characteris-
tic timescales, have allowed for partial confirmation of the
simulated model parameters and predictions [36]. The
observation of the possible pulsations for the stars of our
data set would certainly provide an important comple-
mentary observable able to break parameter degeneracies
5 Our discussion is in qualitative accordance with early studies of
temperature effects on the star’s radius in the context of GR, see
e.g. [34].
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FIG. 2. Mass vs radius for the white dwarf sample of [28] with 1σ errors. Core composition as identified op. cit. Dashed lines
are the mass-radius curves for the HS equation of state in GR. Solid lines correspond to mass-radius curves for various effective
temperatures as predicted by full simulations of stellar evolution in GR according to [29]. In the left panel, the curves are
for He-core white dwarfs with an H envelope with mass fraction 3 · 10−4. In the right panel, the curves represent mass-radius
relations of C-core white dwarfs, with a He envelope with mass fraction 10−2 and a H envelope with mass fraction 10−5. Color
coding represents effective temperatures.
For the most massive C-core WDs, the temperature effects on the radius are less than 10%. However, this rapidly increases for
lighter WDs, especially for He cores, to reach 40% for the range of temperatures present in the catalog of [28]. Neglecting the
temperature/envelope effects introduces a significant systematic error and leads to a false interpretation that the stars require
gravity to be modified.
when constraining modifications of gravity.
The important point in this regard is that simulations
point to a minimum and maximum thickness for both
helium and hydrogen envelope for C/O-core WDs and
therefore in principle would allow for an estimate of the
range of the possible systematic effect from the unknown
envelopes.
No simulations of WD evolution are publicly available
within modified gravity. We instead assume that the ef-
fect of temperature and envelope on the radius is additive
and does not significantly change for the kind of values of
Y that are consistent with the data. We use the publicly
available results of the WD evolution simulations per-
formed in Ref. [29] to extract the corrections to the ra-
dius, δR, for each mass, temperature, core and envelope
type, and we interpolate between the available simulated
data to cover the mass/temperature values suggested by
our dataset. The relevant corrections are then added on
top of the cold HS model computed in a modified gravity
context.
The validity of the above approximation depends on
the size of Y , but is a correct approximation for suffi-
ciently small deviations from GR. The effect of the en-
velope should be independent of the theory of gravity
since the interaction between the two can only depend
on GM/R and, sufficiently close to the star’s surface,
Geff ' G (see equation (4)) is a constant. On the other
hand, the equation of state depends on the temperature
in the core and this has a highly non-trivial interaction
with the core profile through the hydrostatic equation (3)
that can only be modelled through numerical simula-
tion. But, for sufficiently low temperatures, the modified
HS profile will be a good approximation. Essentially,
we have assumed for the correction to the radius that
R ' RHS(Y ) + δR(M,Teff;Y = 0), for the kind of Y the
data allow.
V. THE DATA SET AND STATISTICAL
ANALYSIS
For our statistical analysis we use a recently published
catalog of 26 white-dwarf masses and radii along with
6their effective temperatures, presented in [28], ranging
between M ∼ 0.3 − 0.8M, R ∼ 0.01 − 0.025R and
T ∼ 7500 − 63000 K respectively.6 These WDs are all
members of eclipsing binaries, which allows for the in-
dependent determination of mass, radius and effective
temperature, without reference to a model for the WD
interior. This makes this catalog unique: typically the
mass-radius relation is assumed in the construction of the
WD catalog and only one of these is truly independent.
This allows us to use the catalog of Ref. [28] to constrain
modifications of gravity without introducing such biases.
In addition, the average errors on the mass and radius
in this sample are 3%, a significant improvement com-
pared to, for example, Ref. [45] with average errors of
13%. It is this reduction in uncertainty that drives the
unearthing of systematic effects related to temperature,
as we discuss below.
Within GR, given a measurement of the mass, radius
and effective temperature, the core composition and the
thickness/composition of the envelope is inferred in a sta-
tistical manner with the aid of fully-featured simulated
mass-radius curves. In particular, the core structure can-
not always be inferred unambiguously, except for spe-
cial cases such as very low-mass WDs in binaries, the
evolutionary track of which dictates a core made of he-
lium. Therefore, in the absence of some guiding physi-
cal argument, above stellar parameters can therefore be
treated as nuisance parameters in any study of funda-
mental physics.
For our analysis, we construct a likelihood for each
star i, assuming no covariance between the reported er-
rors on the observed mass M iobs and radius Riobs, Li ∝
exp(−χ2i /2) with
χ2i =
(Riobs −Rth)2
σ2iR
+ (M
i
obs −Mth)2
σ2iM
, (8)
where Mth and Rth are the mass and radius derived
assuming one of the equations of state we will discuss
below, and the modified gravity parameter Y . The
likelihood then depends on unobservable nuisance
parameters such as the central Fermi momentum xc or
the composition. We pick an appropriate prior for these
and marginalize to obtain a posterior for the parameter
Y as given by each star. We discuss how we obtain
constraints on the global Y in Section VI.
Hamada-Salpeter: The HS equation of state provides
us with full analytic control in modelling the interior
structure of the WD in modified gravity. (See Section
II for a detailed description.) The solutions for the
6 The catalogue is a compilation of 16 new measurements along
with 10 more previous ones, taken from [37–44]. We notice also
that, the previous similar catalogue of [45] partly relies on an
assumption on the mass-radius relation for the modelling of the
stars’ atmospheres.
mass/radius profiles are parametrised by the unobserv-
able central Fermi momentum xc and the atomic number
of the core, Z. The effect of Z is small (a few percent, see
Fig. 1), so we marginalize the posterior over He, C and O
cores with an equal probability prior, which also reflects
the reality that all of the species are present in some frac-
tion in a heavier-cored star. This gives a two-dimensional
likelihood on the Y -xc plane for each of the 26 stars. We
find that these likelihoods are disjoint and this is not im-
proved by marginalizing over the unobservable xc with a
flat prior over the range 0.5 < xc < 7.0.
Figure 3 shows the preferred central values and 1σ er-
rors for this marginalised posterior for Y for each star in
the data set. Most stars are not only incompatible with
GR (Y = 0) at the 2σ level, but they are even incom-
patible with each other. When Y is plotted against the
stars’ radius, there in fact appears a linear relationship
between parameters, with larger stars seemingly prefer-
ring weaker gravity (larger Y ). The tension means that
one should not use this sample to put constraints on the
common value of Y in the Milky Way, but rather must
improve the modelling. This bug is inherent to constrain-
ing gravitational theories with zero-temperature models
of WDs, which have been widely used in the literature in
this context.
Finite Temperature: Here we include corrections from
the finite temperature and envelope as discussed in Sec-
tion IV. To model temperature corrections to the HS
radii, we use six series of results from simulations from
Ref. [29]: helium core (0.18 . M/M . 0.50 with
4 · 103 K< T < 20 · 103 K), carbon and oxygen cores
(0.30 . M/M . 1.18 and 5 · 103 K< T < 145 · 103 K)
with two types of envelopes each: “thin” and “thick”.
The former case corresponds to He core stars possess-
ing no envelope at all, and C/O ones a helium envelope
(MHe/M = 10−2), while the latter to the case where
He-core stars have a hydrogen envelope with MHe/M =
3 · 10−4, and C/O ones an envelope composed of helium
and hydrogen (MH/M = 10−5 and MHe/M = 10−2 re-
spectively). The magnitude of the effect of temperature
on He vs C/O cores is very different, and simulations are
not available in the same ranges of mass and tempera-
ture. For this analysis, we thus use the identification of
the cores as per Ref. [28], identifying the stars as either
He, or C/O, where for the latter we always marginalise
over Z = 6, 8 with equal probability. Moreover, the avail-
able simulations for He have a maximum temperature of
T = 2 · 104 K, so we exclude from the sample the 5 stars
identified as having larger effective temperatures. For
each star, we also fix the effective temperature in the
model to its central observed value. The uncertainties
in the observed temperatures are similar to those in the
mass and radius, but the effect on the radii is a small
additional correction which would not affect the end re-
sult, but would significantly increase the computational
requirements.
The properties of the envelope (thickness) should also
be treated as a free unobservable parameter, local to each
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FIG. 3. Preferred central values of the modified-gravity pa-
rameter Y along with their 1σ error against observed radii
for each of the 26 stars of the dataset [28], assuming the zero-
temperature HS equation of state and having marginalised
over the central density parameters x0 and compositions Z
for each star. The data are in tension at least at 2σ with
both GR (Y = 0) and each other: the stars’ preferred Y
value clusters in non-overlapping groups. What is more, a
clear (misleading) correlation between Y and the star’s ra-
dius emerges.
We have colour-coded the stars according to their observed
effective temperature: there is a clear trend between the
temperature and the preferred value of Y , albeit with two
independent series grouped according to the core composi-
tions classification as per [28]. We thus see that temperature
emerges as a systematic that must be taken into account in
the modelling of the stars.
star, which would require marginalization, unless astero-
seismological data were available to constrain it (see Sec-
tion IV). However, we only have access to two series of
simulated mass-radius relations with envelopes for each
core composition. We thus perform the analysis sepa-
rately on each of the He- and C/O-identified sets of stars
for each of the two types of envelopes: thick and thin.
In the mass-radius series with the thin envelopes, for He
stars, there is no envelope in the simulations we use. For
C/O stars, the thin envelope does not contain hydrogen,
but only helium; even though the helium fraction is fixed,
changing it does not significantly affect the properties of
the WDs [36]. The thin envelopes therefore model the
smallest effect an envelope could have. On the other
hand, the mass-radius series with the thickest envelopes
that are publicly available (MH/M = 3·10−4 for He WDs
and MH/M = 10−5 for C/O cores from Ref. [29]) com-
prise envelopes with hydrogen mass fractions one order of
magnitude thinner that the maximal envelopes which can
be produced in simulations for the relevant mass range
(4·10−3 for He-core WDs in Ref. [46], 2·10−4 for C/O-core
WDs in Ref. [36]). This allows us to learn the significance
of the effect of increasing the amount of hydrogen in the
envelope within modifications of gravity.7
In Fig. 4a, we show the central Y values preferred
by each star on the assumption of a finite-temperature-
corrected equation of state with a thin envelope, accord-
ing to the prescription detailed in Section IV. This is to
be contrasted with Fig. 3. The addition of finite tem-
perature/envelopes in the model removes the spurious
correlation of Y with radius/temperature and makes the
dataset internally self-consistent for the purpose of con-
straining Y . Nonetheless, there is still a tendency for the
stars to prefer a positive Y , a feature removed by further
modelling.
Fig. 4b shows the change in the preferred values of
Y , but for a thick hydrogen envelope choice. Compared
to the thin envelope, the overall preferred value of Y
decreases, as thicker envelopes yield a larger radii at
constant mass and effective temperature. As we will
discuss in Section VI, the data for the two types of cores
under the assumption of the thick-envelope parameters
is consistent with GR, albeit marginally inconsistent
with each other.
Polytrope: Before we close this section let us make a
comment on the polytropic approximation to the equa-
tion of state. The polytropic approximation is a very
useful approximation allowing to study the gravitational
dynamics of the star in a simple setup, parametrising the
microphysics of the interior in terms of the dimensionless
polytropic index n. For applications of it in a context
similar to ours see for example [23, 25, 47–49]. Perform-
ing a similar statistical analysis with the one outlined
earlier, we found that the constraint on the polytropic
index is completely degenerate with that on the modified
gravity parameter Y , i.e. the likelihood maximises along
an infinite stripe on the Y -n plane. More precisely, a
change in n at the level of 1%, can be compensated for
by a change in Y of order 1. Although the range of the
polytropic index n is constrained on physical grounds, the
strong sensitivity of Y on n means that any constraint
on the former is essentially dictated by the (theoretical)
prior assumed for n. This is especially problematic since
the values of n preferred by each star differ by multiple
σ, implying that, for this data set, the polytropic index
is a local feature, also related to the temperature of the
star. This is an important weakness of the polytropic
approximation when constraining gravity, and therefore
we will not consider it any further here.
7 Notice that, knowledge of its extreme value, could certainly be
used to provide a hard lower bound for Y .
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FIG. 4. Preferred central values of the modified-gravity parameter Y along with their 1σ uncertainty against observed WD
radii. We assume a HS equation of state corrected for effective temperature and a thin/thick envelope (see Section IV). Most
notably, this removes the spurious correlation of Fig. 3 and gives a dataset internally consistent for constraining gravity. Thin
envelopes appear to only be consistent with modified gravity (Y 6= 0), while thick ones bring the stars into consistency with
GR.
VI. A NEW BOUND ON THE GRAVITY
MODIFICATION Y
In the previous section we discussed the statistical
analysis for three different interior structures when mod-
elling the WDs in the dataset: the cold HS model, and
the finite temperature ones with a thin and thick hy-
drogen envelopes. Each case provides some information
about the possible gravity modification in the stars’ in-
terior.
The result from the cold HS case, though dominated
by systematics, can still be used to provide an upper
bound on Y : temperature and envelope always act as to
increase the radius of the star for a given mass, and so
does weakening gravity through a Y > 0. The two are
at least to some extent degenerate and accounting for
temperature effects can move stars only towards smaller
Y in Fig. 3. Whatever the model for gravity, it must be
compatible with all the observed stars, and in particular
with the coldest star. Therefore, the coldest star in Fig.
3 (SDSS J0138-0016) defines the most conservative upper
bound on Y given the dataset, which is
Y < 0.14 at 2σ , (9)
Y < 0.19 at 5σ .
Since we have fully taken into account the effects of
modified gravity in the HS equation of state, this is a
hard upper bound for Y .
We now turn to the constraints on Y derived in the
presence of finite temperature/envelope corrections ac-
cording to the procedure outlined in Section V, for the
distinct cases characterised by the different envelope/core
structure assumptions.
a. Thin envelopes (Helium-core stars with no envelope
and C/O-core ones with a helium envelope): From
the combined likelihood for the 21 stars we have
retained in the sample, we find that at 2-σ confi-
dence level, for Helium-core stars it is 0.13 < Y <
0.18, and similarly for C/O-core ones we find that
0.11 < Y < 0.17. Notice that, the preferred value
of Y is now consistent amongst the whole set of
stars. This constraint is telling us that for the given
thin envelope structure, both types of stars prefer a
modification of gravity with a strength weaker than
GR.
Most importantly, the He-core stars in this analysis
are assumed to have no envelope whatsoever. This
yields the smallest possible configurations they can
have at finite temperature, in turn providing a han-
dle upon an upper bound for Y . We can thus quote
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FIG. 5. The marginalized combined constraints on the di-
mensionless modified gravity parameter Y at 2σ from various
subsets of the WD catalog made internally consistent by con-
sidering different models for the equation of state and enve-
lope as described in Section VI. Dashed and continuous lines
correspond to finite temperature models with a thin and thick
envelope respectively, while the dot-dashed bar corresponds
to the constraint from the coldest star modelled according to
a (zero temperature) HS equation of state in modified grav-
ity. Remember that, the latter HS constraint is derived after
marginalising over helium and C/O cores. The tightest and
robust upper bound at 2σ comes from the coldest star mod-
elled within HS, yielding Y < 0.14.
a new upper bound from multiple He stars
Y < 0.178 at 2σ , (10)
Y < 0.182 at 5σ .
In any case, it can be said with certainty that the
dataset is incompatible with both thin envelopes
and GR simultaneously, both for He and C/O stars.
b. Thick envelopes (Helium-core stars with hydrogen,
and C/O-core ones with a helium-hydrogen enve-
lope respectively): Under a similar logic as be-
fore, the corresponding 2-σ intervals turn out to
be −0.06 < Y < −0.002 for He-core stars and
0.027 < Y < 0.10 for C/O ones respectively. The
first point to be made is that, the preferred val-
ues of Y have been shifted to the left compared
to the thin-envelope modelling, as expected from
the increase in the envelope’s thickness, with He-
core stars preferring a stronger gravity than GR
(Y < 0). Though the results are not strictly com-
patible with GR, they could be made so with a
small change in the envelope’s thickness, they cer-
tainly reflect the high improvement in our mod-
elling which is to be regarded significantly more
robust than any constraints that would be placed
with the simple cold, Fermi/polytropic model.8
As a corollary of the above analysis, one can safely
make the following statement: The helium-core
stars in the WD catalog of Ref. [28] cannot have a
hydrogen envelope with mass fraction higher than
3 · 10−4 and still remain compatible with GR pre-
dictions. At the same time, the C/O stars in the
catalog must have an envelope with mass fraction
in hydrogen of at least 10−5 if they are to be com-
patible with GR.
We have presented the individual constraints on the com-
bination plot 5. Combining the posteriors, we can con-
clude that the data places an upper bound of
Y < 0.14 at 2σ , (11)
Y < 0.18 at 5σ .
This bound is, to our knowledge, the strongest in the
literature for the new physics encoded in the modified-
Poisson equation (1). For the case of the Beyond Horn-
deski model, corresponding to a particular subclass of the
models captured by our analysis, it has been shown that
after the determination of GW speed by LIGO, the pa-
rameter Y also determines the value of the Newton’s con-
stant in screened regions outside compact objects. This
effect was used to constrain Y for this particular model,
without reference to internal structure of the stars, but
with the use of the decay of the orbit of binary pulsars.
The excellent bound thus obtained, Y < 7.5 · 10−3 [19],
is nonetheless weakened once more general models are
considered, since the two physical effects are no longer
controlled by the same parameters. Our bound thus still
serves to improve the constraints in DHOST models of
gravity and provides a completely orthogonal constraint.
Ref. [25] used the WD mass-radius observations of [45]
and an idealised cold Fermi equation of state, to find
the 2σ (5σ) constraint of Y < 0.27 (Y < 0.54). We are
thus presenting a three-fold improvement in the upper
bound, driven to a large extent by significantly reduced
uncertainties in the data and our improved modelling of
systematic effects. Ref. [25] also placed a lower bound
Y > −0.22 at 2σ by requiring that the Chandrasekhar
mass be larger than the heaviest WD observed. How-
ever, it was shown in Ref. [21] that under the inclusion
of relativistic corrections the value of the Chandrasekhar
8 Notice that, the thick-envelope analysis would be able to provide
a hard lower bound to the value of Y if we were certain that the
envelope thickness is the maximum that is achievable in simu-
lations. Unfortunately, as explained in Section IV, it has been
shown that both the C/O and He simulations can result in en-
velopes with mass fractions in hydrogen one order of magnitude
higher than the ones we had access to. These envelopes would
inevitably result in larger radii and therefore move the bounds
on Y to lower values.
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mass changes significantly for nagative Y , weakening this
bound to Y > −0.48.9
Another constraint was found by demanding that the
lightest observed red dwarf is at least as heavy as the
minimum mass for the onset of hydrogen burning [50, 51].
This leads to a constraint that Y < 1.6, although this
is dependent on having assumed a polytropic equation
of state for the red dwarf with a fixed index, n. Our
constraint is thus an order of magnitude better than that
obtained from red dwarfs. We should stress here again
though, that our analysis for the polytropic equation of
state in WDs, revealed a degeneracy between Y and n,
implying that this equation of state could not be used to
constrain such modifications of gravity.
Finally, in Ref. [52], modifications of gravity are con-
strained from the analysis of weak lensing and X-ray pro-
files of 58 galaxy clusters with an averaged redshift of
0.33, obtaining Y = −0.11+.93−0.67.
The fact that two independent methods give us rela-
tively close values of Y is a guarantor of the quality of
these two upper Y bounds. Nevertheless, since the mod-
els of white dwarfs (with and without modified GR) used
in this analysis describe accurately the structure of the
different white dwarfs, as well as the observational data,
this gives us some certainty about the robustness of the
upper limit found in this study.
VII. DISCUSSION AND SUMMARY
The study of stars as laboratories for testing the stan-
dard gravity paradigm provides an exciting and power-
ful way to understand and constrain alternative gravi-
tational theories. Here, we considered the whole fam-
ily of scalar-tensor models beyond GR, still viable after
GW170817, which make a sharp prediction: a fifth-force
effect occurs in the star’s interior, but not outside, so con-
straining the mass-radius relation provides an excellent
probe, while typical tests performed in the solar system
would not be informative. In compact massive bodies,
this type of fifth force can act to weaken gravity — in
fact, one of the implications of the recent constraints on
the speed of gravitational waves is that any modification
of gravity that reduces its strength must have exactly the
behaviour inside objects that we are constraining in this
paper [15].
For our analysis, we employed the most recent and ac-
curate compilation of independent mass and radius ob-
servations of WDs in binaries. In constraining alternative
gravity theories at stellar scales the usual choice has been
the Fermi equation of state or its polytropic approxima-
tion. Until now, it was usually to some extent justifiable
to neglect temperature effects in this context. However,
9 Note that, in the relativistic regime spherical solutions exist only
for Y > −0.44 (to be contrasted with the non-relativistic Y >
−0.67), as explained in Section II.
the uncertainties in the catalog we used [28], are signif-
icantly smaller than previously available (e.g. [45]) and
we have shown that ignoring either finite-temperature
effects and envelope structure leads to a very signifi-
cant systematic error and potentially false conclusions
about the gravitational law. What is more, we found
that within the polytropic approximation of the (cold)
Chandrasekhar model, also widely used in the literature,
the effect of modified-gravity parameter is in complete
degeneracy with the polytropic index, making it a rather
unsuitable choice for the purpose of testing gravity, at
least using WDs.
Driven by the above, we modelled finite temperature
and envelope corrections on top of the cold Hamada-
Salpeter model for WDs using publicly available data
from stellar evolution simulations to estimate the size
of the possible corrections, and studied the effect of the
fine structure of the star’s interior in the presence of a
modification of gravity. To our best of knowledge, this
is the first time this is pursued in the context of theories
beyond GR. Our analysis revealed a degeneracy between
the stars’ structural properties and modified gravity: in
principle, observations of masses/radii can always be re-
produced through an appropriate balance between the
star’s temperature, envelope thickness and a modifica-
tion of gravity. This comes to add to the already known
degeneracies, such as the one between the star’s pulsa-
tion frequency and envelope structure. Nonetheless, we
were still able to place a hard upper bound on the gravity
modification Y ,
Y ≤ 0.14 , (12)
at 2σ, an improvement by a factor of three compared to
previous bounds in the literature. At the same time, our
modelling of the star’s interior eliminated a significant
amount of systematics, strengthening the robustness of
the above constraint. We cannot place a lower limit on
Y since the thickest envelopes in the public datasets are
one order of magnitude thinner than is possible to create
in simulations. Access to mass-radius simulation results
with thicker envelopes would allow us to place a stringent
lower bound on Y .
Proper modelling of the stars’ evolution requires the
simulation of the whole evolutionary track from its pro-
genitor, in the context of modified gravity: energy trans-
port must be modelled, which does not allow us to neglect
the time dependence of the stellar solution. Modifying
the existing public codes to understand the interplay be-
tween finite temperature and modified gravity, is the nat-
ural next step from this work. Even without modelling
the envelopes in He-core WDs, it should be possible to re-
move any remaining systematic contribution to our upper
bound from the effect of the interaction of temperature
and modified gravity.
It should be apparent from this work that the lack of
measurement of the thickness of the envelope plays the
ultimate limit in our ability to constrain gravity using
white dwarfs. The existing measurements of the vari-
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ability timescales of ZZ Ceti stars from astreroseismo-
logical observations show that it is possible to constrain
the envelope thickness. A pulsating white dwarf with an
independently measured mass and radius might there-
fore provide the ultimate tool to constrain modifications
of gravity. We leave understanding the details of these
physics for future work.
ACKNOWLEDGMENTS
I.S. and I.D.S. are supported by European Struc-
tural and Investment Funds and the Czech Ministry
of Education, Youth and Sports (Project CoGraDS
— CZ.02.1.01/0.0/0.0/15_003/0000437). I.L. thanks
the Fundação para a Ciência e Tecnologia (FCT),
Portugal, for the financial support to the Multidisci-
plinary Center for Astrophysics (CENTRA), Instituto
Superior Técnico, Universidade de Lisboa (Grant No.
UID/FIS/00099/2013).
[1] S. Weinberg, “The Cosmological Constant Problem,”
Rev. Mod. Phys. 61 (1989) 1–23.
[2] T. Clifton, P. G. Ferreira, A. Padilla, and C. Skordis,
“Modified Gravity and Cosmology,” Phys. Rept. 513
(2012) 1–189, arXiv:1106.2476 [astro-ph.CO].
[3] G. W. Horndeski, “Second-order scalar-tensor field
equations in a four-dimensional space,” Int. J. Theor.
Phys. 10 (1974) 363–384.
[4] M. Zumalacárregui and J. García-Bellido,
“Transforming gravity: from derivative couplings to
matter to second-order scalar-tensor theories beyond
the Horndeski Lagrangian,” Phys. Rev. D89 (2014)
064046, arXiv:1308.4685 [gr-qc].
[5] J. Gleyzes, D. Langlois, F. Piazza, and F. Vernizzi,
“Healthy theories beyond Horndeski,” Phys. Rev. Lett.
114 no. 21, (2015) 211101, arXiv:1404.6495 [hep-th].
[6] J. Ben Achour, M. Crisostomi, K. Koyama, D. Langlois,
K. Noui, and G. Tasinato, “Degenerate higher order
scalar-tensor theories beyond Horndeski up to cubic
order,” JHEP 12 (2016) 100, arXiv:1608.08135
[hep-th].
[7] D. Langlois, M. Mancarella, K. Noui, and F. Vernizzi,
“Effective Description of Higher-Order Scalar-Tensor
Theories,” JCAP 1705 no. 05, (2017) 033,
arXiv:1703.03797 [hep-th].
[8] Virgo, LIGO Scientific Collaboration, B. P. Abbott
et al., “GW170817: Observation of Gravitational Waves
from a Binary Neutron Star Inspiral,” Phys. Rev. Lett.
119 no. 16, (2017) 161101, arXiv:1710.05832 [gr-qc].
[9] Virgo, Fermi-GBM, INTEGRAL, LIGO
Scientific Collaboration, B. P. Abbott et al.,
“Gravitational Waves and Gamma-Rays from a Binary
Neutron Star Merger: GW170817 and GRB 170817A,”
ApJ 848 no. 2, (2017) L13, arXiv:1710.05834
[astro-ph.HE].
[10] J. M. Ezquiaga and M. Zumalacárregui, “Dark Energy
After GW170817: Dead Ends and the Road Ahead,”
Phys. Rev. Lett. 119 no. 25, (2017) 251304,
arXiv:1710.05901 [astro-ph.CO].
[11] P. Creminelli and F. Vernizzi, “Dark Energy after
GW170817 and GRB170817A,” Phys. Rev. Lett. 119
no. 25, (2017) 251302, arXiv:1710.05877
[astro-ph.CO].
[12] J. Sakstein and B. Jain, “Implications of the Neutron
Star Merger GW170817 for Cosmological Scalar-Tensor
Theories,” Phys. Rev. Lett. 119 no. 25, (2017) 251303,
arXiv:1710.05893 [astro-ph.CO].
[13] T. Baker, E. Bellini, P. G. Ferreira, M. Lagos, J. Noller,
and I. Sawicki, “Strong constraints on cosmological
gravity from GW170817 and GRB 170817A,” Phys.
Rev. Lett. 119 no. 25, (2017) 251301,
arXiv:1710.06394 [astro-ph.CO].
[14] T. Kobayashi, Y. Watanabe, and D. Yamauchi,
“Breaking of Vainshtein screening in scalar-tensor
theories beyond Horndeski,” Phys. Rev. D91 no. 6,
(2015) 064013, arXiv:1411.4130 [gr-qc].
[15] L. Amendola, M. Kunz, I. D. Saltas, and I. Sawicki,
“The fate of large-scale structure in modified gravity
after GW170817 and GRB170817A,”
arXiv:1711.04825 [astro-ph.CO].
[16] D. Koester and G. Chanmugam, “REVIEW: Physics of
white dwarf stars,” Reports on Progress in Physics 53
(July, 1990) 837–915.
[17] S. A. T. Stuart L. Shapiro, Black Holes, White Dwarfs,
and Neutron Stars: The Physics of Compact Objects.
Wiley-VCH, 1983.
[18] M. Crisostomi and K. Koyama, “Vainshtein mechanism
after GW170817,” Phys. Rev. D97 no. 2, (2018)
021301, arXiv:1711.06661 [astro-ph.CO].
[19] A. Dima and F. Vernizzi, “Vainshtein Screening in
Scalar-Tensor Theories before and after GW170817:
Constraints on Theories beyond Horndeski,”
arXiv:1712.04731 [gr-qc].
[20] R. Saito, D. Yamauchi, S. Mizuno, J. Gleyzes, and
D. Langlois, “Modified gravity inside astrophysical
bodies,” JCAP 1506 (2015) 008, arXiv:1503.01448
[gr-qc].
[21] E. Babichev, K. Koyama, D. Langlois, R. Saito, and
J. Sakstein, “Relativistic Stars in Beyond Horndeski
Theories,” Class. Quant. Grav. 33 no. 23, (2016)
235014, arXiv:1606.06627 [gr-qc].
[22] S. Chandrasekhar, “The highly collapsed configurations
of a stellar mass,” MNRAS 95 (Jan., 1935) 207–225.
[23] K. Koyama and J. Sakstein, “Astrophysical Probes of
the Vainshtein Mechanism: Stars and Galaxies,” Phys.
Rev. D91 (2015) 124066, arXiv:1502.06872
[astro-ph.CO].
[24] O. Bertolami and H. Mariji, “White dwarfs in an
ungravity-inspired model,” Phys. Rev. D93 no. 10,
(2016) 104046, arXiv:1603.09282 [astro-ph.SR].
[25] R. K. Jain, C. Kouvaris, and N. G. Nielsen, “White
Dwarf Critical Tests for Modified Gravity,” Phys. Rev.
Lett. 116 no. 15, (2016) 151103, arXiv:1512.05946
[astro-ph.CO].
12
[26] E. E. Salpeter, “Energy and Pressure of a
Zero-Temperature Plasma.,” ApJ 134 (Nov., 1961) 669.
[27] T. Hamada and E. E. Salpeter, “Models for
Zero-Temperature Stars,” ApJ 134 (Nov., 1961) 683.
[28] S. G. Parsons, B. T. Gänsicke, T. R. Marsh, R. P.
Ashley, M. C. P. Bours, E. Breedt, M. R. Burleigh,
C. M. Copperwheat, V. S. Dhillon, M. Green, L. K.
Hardy, J. J. Hermes, P. Irawati, P. Kerry, S. P.
Littlefair, M. J. McAllister, S. Rattanasoon,
A. Rebassa-Mansergas, D. I. Sahman, and M. R.
Schreiber, “Testing the white dwarf mass-radius
relationship with eclipsing binaries,” MNRAS 470
(2017) 4473–4492, arXiv:1706.05016 [astro-ph.SR].
[29] J. A. Panei, L. G. Althaus, and O. G. Benvenuto,
“Mass-radius relations for white dwarf stars of different
internal compositions,” Astron. Astrophys. 353 (2000)
970, arXiv:astro-ph/9909499 [astro-ph].
[30] D. Q. Lamb and H. M. van Horn, “Evolution of
crystallizing pure C-12 white dwarfs,” ApJ 200 (Sept.,
1975) 306–323.
[31] L. G. Althaus and O. G. Benvenuto, “Evolution of
Helium White Dwarfs of Low and Intermediate
Masses,” ApJ 477 (Mar., 1997) 313–334.
[32] L. G. Althaus and O. G. Benvenuto, “Evolution of DA
white dwarfs in the context of a new theory of
convection,” MNRAS 296 (May, 1998) 206–216,
astro-ph/9812062.
[33] J. A. Panei, L. G. Althaus, X. Chen, and Z. Han, “Full
evolution of low-mass white dwarfs with helium and
oxygen cores,” MNRAS 382 no. 2, (2007) 779–792.
[34] W. B. Hubbard and R. L. Wagner, “Hot White
Dwarfs,” ApJ 159 (Jan., 1970) 93.
[35] L. G. Althaus, A. H. Córsico, A. Bischoff-Kim, A. D.
Romero, I. Renedo, E. García-Berro, and M. M. Miller
Bertolami, “New Chemical Profiles for the
Asteroseismology of ZZ Ceti Stars,” Astrophys. J. 717
(July, 2010) 897–907, arXiv:1005.2612
[astro-ph.SR].
[36] A. D. Romero, A. H. Córsico, L. G. Althaus, S. O.
Kepler, B. G. Castanheira, and M. M. Miller Bertolami,
“Toward ensemble asteroseismology of ZZ Ceti stars
with fully evolutionary models,” MNRAS 420 (Feb.,
2012) 1462–1480, arXiv:1109.6682 [astro-ph.SR].
[37] M. C. P. Bours, T. R. Marsh, S. G. Parsons, C. M.
Copperwheat, V. S. Dhillon, S. P. Littlefair, B. T.
Gänsicke, A. Gianninas, and P.-E. Tremblay, “Precise
parameters for both white dwarfs in the eclipsing binary
CSS 41177,” MNRAS 438 (Mar., 2014) 3399–3408,
arXiv:1401.1503 [astro-ph.SR].
[38] S. G. Parsons, T. R. Marsh, B. T. Gänsicke,
A. Rebassa-Mansergas, V. S. Dhillon, S. P. Littlefair,
C. M. Copperwheat, R. D. G. Hickman, M. R. Burleigh,
P. Kerry, D. Koester, A. Nebot Gomez-Moran,
S. Pyrzas, C. D. J. Savoury, M. R. Schreiber,
L. Schmidtobreick, A. D. Schwope, P. R. Steele, and
C. Tappert, “A precision study of two eclipsing white
dwarf plus M dwarf binaries,” MNRAS 420 (Mar.,
2012) 3281–3297, arXiv:1111.5694 [astro-ph.SR].
[39] S. G. Parsons, T. R. Marsh, C. M. Copperwheat, V. S.
Dhillon, S. P. Littlefair, B. T. Gänsicke, and
R. Hickman, “Precise mass and radius values for the
white dwarf and low mass M dwarf in the
pre-cataclysmic binary NN Serpentis,” MNRAS 402
no. 4, (2010) 2591–2608.
[40] S. G. Parsons, C. A. Hill, T. R. Marsh, B. T. Gänsicke,
C. A. Watson, D. Steeghs, V. S. Dhillon, S. P. Littlefair,
C. M. Copperwheat, M. R. Schreiber, and M. Zorotovic,
“The crowded magnetosphere of the
post-common-envelope binary QS Virginis,” MNRAS
458 (May, 2016) 2793–2812, arXiv:1603.00881
[astro-ph.SR].
[41] S. G. Parsons, B. T. Gänsicke, T. R. Marsh,
P. Bergeron, C. M. Copperwheat, V. S. Dhillon,
J. Bento, S. P. Littlefair, and M. R. Schreiber, “An
accurate mass and radius measurement for an ultracool
white dwarf,” MNRAS 426 no. 3, (2012) 1950–1958.
[42] S. G. Parsons, B. T. Gänsicke, T. R. Marsh,
P. Bergeron, C. M. Copperwheat, V. S. Dhillon,
J. Bento, S. P. Littlefair, and M. R. Schreiber, “An
accurate mass and radius measurement for an ultracool
white dwarf,” MNRAS 426 no. 3, (2012) 1950–1958.
[43] S. Pyrzas, B. T. Gänsicke, S. Brady, S. G. Parsons,
T. R. Marsh, D. Koester, E. Breedt, C. M.
Copperwheat, A. Nebot Gomez-Moran,
A. Rebassa-Mansergas, M. R. Schreiber, and
M. Zorotovic, “Post-common envelope binaries from
SDSS ? XV. Accurate stellar parameters for a cool 0.4
M white dwarf and a 0.16M M dwarf in a 3 ? h
eclipsing binary,” MNRAS 419 no. 1, (2012) 817–826.
[44] M. S. O’Brien, H. E. Bond, and E. M. Sion, “Hubble
Space Telescope Spectroscopy of V471 Tauri: Oversized
K Star, Paradoxical White Dwarf,” ApJ 563 no. 2,
(Dec., 2001) 971–986, astro-ph/0108386.
[45] J. B. Holberg, T. D. Oswalt, and M. A. Barstow,
“Observational Constraints on the Degenerate
Mass-Radius Relation,” Astron. J. 143 (2012) 68,
arXiv:1201.3822 [astro-ph.SR].
[46] O. G. Benvenuto and L. G. Althaus, “Evolution of
helium white dwarfs with hydrogen envelopes,” MNRAS
293 (Jan., 1998) 177.
[47] A.-C. Davis, E. A. Lim, J. Sakstein, and D. J. Shaw,
“Modified gravity makes galaxies brighter,” Phys. Rev.
D 85 (Jun, 2012) 123006.
[48] J. Sakstein, “Stellar oscillations in modified gravity,”
Phys. Rev. D 88 (Dec, 2013) 124013.
[49] J. Sakstein, B. Jain, and V. Vikram, “Detecting
modified gravity in the stars,” International Journal of
Modern Physics D 23 no. 12, (2014) 1442002.
[50] J. Sakstein, “Hydrogen Burning in Low Mass Stars
Constrains Scalar-Tensor Theories of Gravity,” Phys.
Rev. Lett. 115 (2015) 201101, arXiv:1510.05964
[astro-ph.CO].
[51] J. Sakstein, “Testing Gravity Using Dwarf Stars,” Phys.
Rev. D92 (2015) 124045, arXiv:1511.01685
[astro-ph.CO].
[52] J. Sakstein, H. Wilcox, D. Bacon, K. Koyama, and
R. C. Nichol, “Testing Gravity Using Galaxy Clusters:
New Constraints on Beyond Horndeski Theories,”
JCAP 1607 no. 07, (2016) 019, arXiv:1603.06368
[astro-ph.CO].
